Purpose: Acrylic resin properties are susceptible to change over the duration of use, thereby decreasing prosthesis longevity. To make the material less susceptible to the action of external agents such as stain-causing liquids and cleaning solutions, polishing procedures are recommended. A specific mechanical polishing procedure performed regularly was evaluated regarding the biofilm adhesion, surface roughness (Ra), color stability ( E), and mass changes in acrylic resin artificial teeth. Materials and Methods: Sixty artificial teeth divided into two groups (n = 30) were immersed in distilled water (WT) and coffee (CF). These groups were then subdivided (n = 10) according to the type of polishing procedure administered: no polishing, biweekly polishing (once every 2 weeks) (pol 1), or monthly polishing (once a month) (pol 2), using aluminum oxide paste and a felt polishing wheel attached to an electric motor at a speed of 3000 rpm. Properties were evaluated at baseline and after 4, 8, 12, and 24 months of simulated immersion. At the end, the adhesion of Candida albicans and Streptococcus mutans multispecies biofilm in all groups was assessed. Results: The CF group showed an increased Ra and weight, and a significantly greater E compared to the WT group. The polishing procedure reduced Ra and minimized the stains caused by coffee, without losing mass, with the biweekly regime more effective than the monthly regime. Also, polishing reduced the adhesion of biofilm in the CF groups, again with the biweekly regime the most effective. Conclusions: When performed regularly, the mechanical polishing procedure tested reduces the changes in artificial teeth subjected to immersion in coffee, with the biweekly frequency most effective regarding the properties evaluated.
generated during brushing, thereby, increasing the roughness of the surfaces, regardless of the quality of polishing and initial smoothness. 7 Smoothness and surface energy can be optimized through proper polishing procedures, 2,9-13 which make an acrylic resin surface more homogeneous and esthetic and allow for the better preservation of the properties related to color, 10 for improving patient comfort, 9 and for ease of cleaning, thereby reducing the accumulation of microorganisms 11, 13 and the risk of developing infections due to the presence of the biofilm. 11 Regarding the rehabilitation procedures in the oral cavity, it is ideal for prosthetic surfaces to be appropriately smooth and polished for a greater longevity.
Prosthetic device polishing can be performed mechanically or chemically. Mechanical polishing uses products with different levels of abrasiveness to produce controlled wear on the surface and remove general gross irregularities. 10 Polishing wheels, cones, rubbers, and silicone tips coupled to the electric motors, along with polishing agents such as pumice stones and pastes impregnated with oxides, are employed to achieve smoothness and brightness in the final surface. [12] [13] [14] [15] Greater efficiency is attributed to mechanical polishing in certain aspects such as improvement in surface roughness and the reduction of water sorption and solubility in the acrylic resin, when compared to chemical polishing. 2, 9, 12 The effectiveness of different polishing protocols on surface properties of acrylic resin or on stain removal has been investigated often, usually with a single mechanical or chemical polishing procedure performed before or after exposure to various experimental situations. 1, 2, 9, 12, 13, 15 Considering the changes that a removable prosthesis suffers during its period of use, a polishing protocol that could be employed more frequently with a minimal abrasive potential, through a simple technique performed by the patient him-or herself with portable devices such as an electrical toothbrush, could offer greater benefits by interfering in the degradation process expected in the aforesaid material. Therefore, the purpose of this study was to evaluate in vitro the effect of a mechanical polishing protocol, performed in different periods (biweekly or monthly) on the surface roughness, color stability, mass loss, and biofilm formation in acrylic resin teeth. The null hypothesis of the study was that the polishing protocols tested do not interfere with the properties evaluated.
Materials and methods

Specimens
The palatine face of 60 acrylic resin maxillary lateral incisors (Vipi Dent Plus; Vipi Produtos Odontológicos, São Paulo, Brazil), color 60, square shape, model 38, were planed and polished in an electric rotary polishing machine (Aropol 2V; Arotec Ind. e com. Ltda., Cotia, Brazil) at 300 rpm with a series of wet/dry sandpapers (#400 and #600; Buehler, Dusseldorf, Germany) under refrigeration, to obtain a regular and standardized surface. The vestibular faces were kept intact. Then, the specimens were divided randomly into two groups (n = 30) according to the immersion liquid: distilled water (WT) or coffee (CF). The aforementioned groups were then subdivided into three subgroups (n = 10): immersion only, immersion associated with a biweekly polishing regime (pol 1), and immersion associated with a monthly polishing regime (pol 2).
Immersions
A coffee solution was prepared in the ratio of 3.6 g of powder (Nescafé; Nestlé, São Paulo, Brazil) for each 300 ml of boiling water, according to the manufacturer's guidelines, on a magnetic stirrer (MA085/CT; Marconi, Piracicaba, Brazil) for 30 seconds, and then filtered through a paper filter. An immersion time of 12 hours simulated approximately 15 days of coffee consumption. 8 The time simulation protocol was adopted for the WT groups. Solutions were exchanged after every 12 hours of immersion. All specimens were assessed before the immersion (T0), after simulated intervals of 120 days of immersion over a period of 12 months of exposure (T1, T2, and T3), as well as after 24 months (T4).
Mechanical polishing protocol
Mechanical polishing was performed using aluminum oxide paste (Universal Polishing; Ivoclar Vivadent, São Paulo, Brazil) (0.2 g for each specimen) and a felt polishing wheel (Shofu Inc, Kyoto, Japan), attached to an electric motor (MicroNX, Daegu, South Korea), at a speed of 3000 rpm 1 for 5 seconds, for both vestibular and palatine sides. A device was developed to standardize the position of the electric motor handpiece allowing it to exert the same load on the tooth surfaces during polishing. A high viscosity silicone (Clonage; DFL, Rio de Janeiro, Brazil) device was provided to standardize the tooth location (Fig 1) .
Property evaluation
Prior to each assessment, specimens were sonicated for 5 minutes in an ultrasonic cube (Unique -Ultracleaner 1400; Indaiatuba, São Paulo, Brazil). Surface roughness and color stability were measured in palatine and vestibular faces, respectively. For standardization, the same operator conducted all measurements. After the final evaluations (T4), the specimens were subjected to the biofilm assay and fluorescence microscopy.
Surface roughness
A surface roughness tester, Hommel Tester (T1000; Santo André, São Paulo, Brazil), measured the specimens' surface roughness, moving a diamond tip (5 μm radius) with constant load following a rectilinear path of 4.8 mm long, for 10 seconds. Three readings were performed with an incremental distance of 1 mm between each reading line, and roughness value was defined as the mean of the three values (Ra) duly obtained. After the T0 evaluation, specimens with great discrepancies in final roughness (±30%) compared to the rest of the group were repolished or discarded, and new specimens obtained if necessary.
Mass loss
To assess whether the frequent polishing would lead to significant mass loss, the specimens were weighed in a precision analytical balance (Bel Engineering, Piracicaba, Brazil), for the five stated evaluation periods, having been previously dried with absorbent paper sheets to eliminate moisture on the surface.
Color stability
A portable spectrophotometer (Vita Easyshade; Vita Zahnfabrik H. Rauter GmbH & Co, Bad Sackingen, Germany) was used to quantify the magnitude of color difference in each
1/2 L* represents lightness, a* red-green chromaticity, and b* bluenessyellowness) after immersion periods in comparison with its initial parameters. Specimens were positioned on a white bulkhead, and three measurements were obtained in a central area on the vestibular face, assisted by a high viscosity silicone (Clonage; DFL, Rio de Janeiro, Brazil) device to standardize the assessment location and restrict ambient light.
Biofilm adhesion test
After all the evaluations were performed in period T4, specimens were subjected to a hydrogen peroxide plasma sterilization (Sterrad 100S; Advanced Sterilization Products, Irvine, CA). A multispecies biofilm formation assay 16 was employed in triplicate, using standard strains of Streptococcus mutans (ATCC 25175) and Candida albicans (ATCC 10231). S. mutans plays a role in the biofilm initiation and facilitates the adherence of yeasts in the mucosa, as well as the prosthetic surfaces, and C. albicans is the most prevalent yeast in oral infections associated with the usage of removable dentures. 17 S. mutans was inoculated in Mitis Salivarius Broth (MSB) supplemented with bacitracin (0.2 UI/mL) (HiMedia, Mumbai, India) and incubated in micro-aerophily (DeLeo, Porto Alegre, Brazil) at 37°C for 48 hours. Thereafter, 10 μL of inoculum was transferred to a test tube containing 10 mL of Brain Heart Infusion Broth (BHI) (HiMedia), supplemented with 5% of sucrose and incubated in micro-aerophily at 37°C for 18 hours. C. albicans was inoculated in Sabouraud Dextrose Agar (SDA) (HiMedia) and incubated aerobically at 37°C for 48 hours. Thereafter, 10 μL of inoculum was transferred to a test tube containing 10 mL of Sabouraud Dextrose Broth (SDB) (HiMedia) and then incubated aerobically for 21 hours at 37°C. After this period, the microorganisms were centrifuged (5430R; Eppendorf AG, Hamburg, Germany) for 5 minutes at 6000 rpm, washed twice with sterile phosphate buffered saline (PBS) (NaCl 10mM, NaH 2 PO 4 a 100 mM, pH 7.2), and resuspended in 10 mL of sterile BHI. The inoculum was standardized with a spectrophotometer (Multiskan GO; Thermo Scientific, Waltham, MA) with the optical density verified with an absorbance of 0.2 and 600 nm wavelength, which corresponds to a microbial suspension of approximately 10 8 colonyforming units (CFU)/mL for S. mutans and 10 7 CFU/mL for C. albicans, having been confirmed by means of plating on agar medium.
Nine specimens from each group were distributed in 24-well-culture plates (i.e., three for each triplicate). For the multispecies biofilm formation, each well received 1 mL of a standard suspension, which was 0.5 mL of each microorganism. For initial adherence of the microorganisms to the specimens, the plates were incubated in micro-aerophily, stirred (Incubadora shaker; CE-320 Cienlab, Campinas, Brazil), at 75 rpm and 37°C for 90 minutes. After this, the specimens were removed and washed twice with a sterile PBS for the removal of microorganisms poorly adhered, then placed into new plates. Subsequently, 2 mL of sterile BHI were inserted into each well, while the plates incubated in micro-aerophily while being stirred at 75 rpm and 37°C for 48 hours, to reach the maturation of the biofilm. After the first 24 hours, the samples were washed, and a new culture medium was placed in the wells.
number of colonies × 10 n(absolute value of dilution:0,1,2or3) amount of mL pipetted for each dilution After biofilm formation, specimens were transferred to test tubes containing 5 mL of PBS and sonicated for 20 minutes for the detachment of the adhered microorganisms. Afterwards the test tubes were shaken in an appropriate stirrer (AP 56; Phoenix, Araraquara, Brazil) for 20 seconds, an aliquot of 25 μL was transferred to an eppendorf containing 25 μL of PBS, obtaining the dilution 10 −1 , and this procedure was repeated for dilutions 10 −2 and 10 −3 . An aliquot of 25 μL for each dilution (10 −1 , 10 −2 , 10 −3 ) and concentrated suspension were sown in the petri dishes containing 15 mL of Mitis Salivarius Agar supplemented with bacitracin (0.2 UI/mL) for S. mutans and SDA for C. albicans, incubated at 37°C for 48 hours. Then, the CFU counting was performed with the aid of a magnifying glass (Mod. SQZ-DS4; Equipar Ltda, Curitiba, Brazil), considering the dilution in which the number of CFUs ranged (0 to 300 colonies) and using the formula for the microscopic calculation of CFUs as follows.
The biofilm structure was assessed by a fluorescence microscopy (Axio Observer A1; Carl Zeiss, Oberkochen, Germany). One specimen of each group was submitted to contamination with the same biofilm protocol described previously, washed twice with PBS, stained with a mixture of the SYTO-9 and the propidium iodide by means of Live/Dead BacLight viability kit (Invitrogen-Molecular Probes, Eugene, OR), incubated for 20 minutes at 37°C and thereupon protected from light. At least five optical fields were examined, and a representative image for each specimen was duly obtained using an immersion lens (63.4×). 
Data analysis
The data were submitted to Kolmogorov-Smirnov normality tests, and differences among groups were tested by means of a 1-or a 2-way ANOVA for repeated measures followed by the Bonferroni post test. Analyses were performed at a 0.05 level of significance by means of software package Graph Pad Prism 5.0 (Graphpad Software Inc., La Jolla, CA). The assessment of the microscopy images followed a qualitative approach; therefore, no statistical test was employed.
Results
A significant increase in surface roughness was observed in the CF group at the end of the follow-up period (p < 0.001), which did not occur in the WT group (p = 0.5385) (Table 1) ; however, for the groups WT pol 1 and WT pol 2, the polishing caused a significant initial reduction of roughness (p < 0.001), which remained stable over time. The same initial effect was observed for the groups immersed in coffee, remaining constant over all evaluations for the CF group pol 1, similar to WT group pol 1; however, in the CF group pol 2, a gradual increase of roughness in T3 and T4 was also observed, which was significantly higher than the same evaluations for the WT group pol 2. A significant increase in mass was observed in the CF group in the first assessment (T1), and kept increasing gradually over time (Table 2 ). Since the WT group mass was stable until the end of the follow-up period, the isolated effect of polishing on mass changes could be observed in the groups immersed in water. Significant changes did not occur in the WT group pol 2, in all evaluations, unlike in the WT group pol 1, in which an initial mass reduction occurred in T1, but nevertheless remained constant over the other periods. The mass in the CF group pol 1 reduced gradually, unlike in the monthly polishing regime.
E values (Table 3) for the WT group were similar in all evaluation periods (p = 0.186). Also, after 24 months, E for WT, WT pol 1, and WT pol 2 were similar (p = 0.061). For the CF group, E was significantly higher as compared to the WT group in all periods evaluated (p < 0.001). Also, a gradual darkening was observed in the T3 and T4 assessments (p < 0.001). Both polishing protocols significantly reduced the E after immersion in coffee (p < 0.001), presenting similar results. With the biweekly protocol, the color of specimens immersed in the coffee was kept stable for a longer time; a significant darkening was only observed at T4. With the monthly polishing, an increase in the E values was observed sooner (T2).
The CFU counts for the CF group were significantly higher than those of the WT group (Table 4) for both microorganisms. Although neither polishing protocol altered the adhesion of microorganisms for the WT group, a significant reduction occurred in groups CF pol 1 and CF pol 2 (p < 0.001). The biweekly polishing reduced both microorganisms' counts at similar levels compared to the groups immersed in water (WT pol 1). Also, CFU counts for S. mutans in CF pol 1 group was significantly lower than the CF pol 2 group. The biofilm density was similar among WT (Fig 2A) , WT pol 1 (Fig 2B) , and WT pol 2 (Fig 2C) , thus indicating the absence of a harmful effect of the polishing on the material surface. Furthermore, a more densely clustered biofilm was found in the CF group (Fig 2D) , which presents a more expressive modification after the biweekly regime (Fig 2E) , indicated by the greater amount of dark areas when compared to the CF group pol 2 (Fig 2F) .
Discussion
This study evaluated the influence of a mechanical polishing protocol performed at different frequencies on color stability, surface roughness, and mass loss in artificial acrylic resin teeth, which were subjected to immersion in a common daily beverage. In general, it was observed that the proposed polishing procedure reduces the changes that these materials suffer over time, in addition to a reduction in the adhesion of microorganisms, thus rejecting the null hypothesis.
Significant changes in the evaluated properties were found after the immersion in coffee over a simulated follow-up of 2 years. The choice of coffee as a method of modifying the surface properties was due to its potential in changing the characteristics of materials used in dental prostheses, such as acrylic resin artificial teeth and denture bases. [18] [19] [20] The deleterious effects caused on the surface of the polymeric material are the results of chemical and physical processes, such as the sorption of solvent agents and colorants, like tannic acid, which is responsible for the brownish coloring and for raising the pH of the solution, facilitating its incorporation into the acrylic resin surface and increasing the solubility of the material. 5, 6, 8, 21 The water in aqueous solutions penetrates into the polymer through porosities and intermolecular spaces found freely between polymeric chains or linked to them by hydrogen bonds, which leads to the hydrolysis of the ester bonds, separation and expansion of the chains, and causes the initiation of microcracks that lead to a gradual deterioration of its structure over time. 22 Furthermore, due to its low degree of polarity, coffee promotes a greater penetration of its agents into the surface of the acrylic resin, incorporating those agents into the polymeric matrix and promoting chemical instability, as well as oxidation of its chains. 23 The tested polishing protocols promoted a significant reduction in the surface roughness of all the groups observed in the first assessment after 4 months (T1). This is possibly the immediate effect of both the abrasive particles contained in the polishing paste and the friction by the felt disc smoothing out the rough layers of the acrylic resin surface, thus making that surface shinier. 1, 13 For the groups immersed in water and subjected to polishing, this initial reduction was maintained throughout the follow-up period in this study. Regarding the acrylic resin-based materials, mechanical polishing is considered to be more effective, 1, 2, 9, 10, 12, 13 and its effects are directly associated with the abrasiveness (i.e., the size and quantity of abrasive particles contained in the employed polishing system). Based on the satisfactory results achieved in previous studies that tested the aluminum oxide polishing pastes, 1, 10, 12, 13, 15 this particular type was employed in this study as well.
After its initial effect, the biweekly polishing in the CF group was more efficient in controlling surface roughness and keeping it unchanged over the other evaluations, similar to the WT group pol 1. Hence, an increased frequency of polishing (pol 1) was able to control the damage of the tested solution on the surface of the materials. On the other hand, when polishing was performed less frequently (pol 2), the coffee kept exerting some damage on the material surface, leading to a gradual increase, which was duly observed after the T3 evaluation.
The immersion in coffee led to an increase in mass values observed in the CF group, possibly caused by the deposit of byproducts from the coffee on the surface of the artificial teeth. The biweekly polishing in the CF group pol 1 caused a significant reduction in mass, which was not observed in the lower frequency regime. This particular reduction was approximately 1% of the total mass over the period of 2 years, therefore indicating polishing's capacity to remove or prevent the deposition of these aforesaid particles, making minimum and controlled wear clinically irrelevant. Mass loss can also occur as a result of daily mechanical brushing through the use of toothbrushes and toothpastes. 24, 25 Policastro et al 7 assessed the mass loss on acrylic resin teeth submitted to different methods of teeth brushing observed over a period of a year, with losses ranging from 0.1% to 0.9% in weight. Nevertheless, this present study showed that mass loss associated with polishing performed ranged from 0.3% to 1.1%, during the 24 months of follow-up, thus being clinically irrelevant.
The mechanical polishing tested significantly reduced E in the CF group, and its beneficial effects over time were noted, with the biweekly frequency capable of controlling for a longer period the color changes caused by the coffee. In addition, E in the WT, WT pol 1, and the WT pol 2 were similar, showing that polishing itself did not affect this property. The surface polishing of the acrylic-based materials has been related to an improved color stability, hindering the damage caused by the adsorption and absorption of specific pigments contained in staining solutions 10 and lowering the adhesion of microorganisms,l 14 whose acidic metabolism can alter the color and cause staining. 1, 26 Both microorganisms' adherence to the material surface was greater in the CF group than the WT group; however, concerning groups CF pol 1 and CF pol 2, the CFU counts of both strains were reduced significantly. The ability of microorganisms to adhere to the materials relates to the electrostatic force, and it is found to be more expressive on surfaces presenting greater roughness and free energy values. 11, 13, 14, 27, 28 The changes in surface roughness promoted by the tested polishing regimes directly influence the pattern of the biofilm formation. In vivo studies 29, 30 showed that once attached to uneven surfaces, the microorganisms of a biofilm can survive for longer periods due to the protective effect of the surface irregularities against the removal forces from the salivary flow, mastication, and even the mechanical action of the brushing. Hence, polishing methods that minimize the retention of microorganisms can assist in the control of local infections and premature deterioration of the prosthetic materials.
1 Therefore, the results in the present study indicated the positive effects of the proposed polishing protocol in hampering the biofilm formation.
The CFU counts for both adhering microorganisms was similar among the WT, WT pol 1, and WT pol 2 groups, indicating that the polishing performed does not damage the material, favoring this stated adherence. Additionally, the CFU counts for the groups CF pol 1 and WT pol 1 were similar, only differing in the groups polished monthly, thus, indicating a more effective control when polishing happens more frequently. The fluorescence microscopy images (Fig 2A-E) demonstrated a greater amount of dark spaces and biofilm dispersions for the CF pol 1 group (Fig 2E) .
The potential of the polishing protocol tested was demonstrated to minimize possible adverse effects on the surface of acrylic resin throughout its period of use, thereby increasing clinical performance. 10 In this study, the in vitro design employed represents the most important limitation. Prostheses are not continuously exposed to beverages by their users, and its action in vivo is intermittent. Numerous deleterious factors act together on prosthetic materials. Thus, it is necessary to test the effects of the proposed polishing protocols in this study for diverse situations, like immersion in hygiene solutions, other common beverages, association with brushing, and the evaluation for longer periods of time. Similarly, investigations on other materials used in oral rehabilitation, denture base acrylic resin, metallic alloys, and relining materials, ought to be considered. As the polishing proposed in this study represents a simple procedure, developing a portable device such as an electrical toothbrush would allow the patient to polish at home with no need to go to a dental office or laboratory. Further clinical studies may help to understand patient satisfaction regarding the polishing protocol and its benefits in a real setting.
Conclusions
This study found that mechanical polishing by means of a handheld engine, felt wheel, and aluminum oxide paste administered in a biweekly or monthly regimen, is able to reduce damaging effects on color stability, surface roughness, and biofilm adhesion in acrylic resin artificial teeth, without causing significant mass loss, with the biweekly frequency protocol being the most effective.
